INTRODUCTION
N-Benzyl-4-chloro-N-isobutyl-2-pentenamides ( Fig. 1 ) exhibited a light-dependent herbicidal activity similar to that of peroxidizing herbicides such as oxyfluorfen and chlorphthalim. "2) However, the phytotoxic mechanism of action of the pentenamides has yet to be completely clarified. 2) In the present study, this mechanism was investigated with the protoporphyrinogen-IX oxidase (Protox) assay at the enzyme-level and by phytotoxicity assays using intact cells of unicellular Scenedesmus acutus.
MATERIALS AND METHODS

Chemicals
The herbicidal activity of the compounds (1-4 in Fig. 1 ) in barnyard grass was reported previously. ) Oxyfluorfen, chlorphthalim, norflurazon and methoxyphenone were used as control chemicals. 6) Protoporphyrinogen-IX (Protogen) was prepared by the reduction of protoporphyrin-IX (Proto-IX) with sodium amalgam under a nitrogen stream in the dark. Analytical grade chemicals for Scenedesmus acutus cultivation such as NH4VO3 and (NH4)6Mo7024 4H2O were purchased from Kanto Chemical Co. (Tokyo). All other fine chemicals and buffers were from Sigma Chemical Co. (St. Louis, Mo).
Measurement of Protox Inhibition
Protox inhibition was measured according to Nicolaus et al. 4) Corn (Zea mays L, cv. DK212MF) seeds were soaked in water for 6 hr and germinated on vermiculite for 6 days in the dark at 30C. Seedlings were harvested after exposure to light (300 pE m-2 sec-1) for 2 hr and the roots were removed. After homogenization, purified plastids containing Protox were prepared by three steps of centrifugation.
The Protox activity was measured based on Proto-IX formation for 5 min at 30C in a 3 ml assay volume, containing 0. 1 M tris(hydroxymethyl)aminomethane (Tris-HCI, pH 7. 3), 1 mM ethylenediaminetetraacetic acid, 5 mM dithiothreitol, 0. 03% Tween 80 (w/v), 0. 3-0. 6 mg of etioplast protein and 2-5 j M Protogen. Fluorescence at 633 nm with excitation at 405 nm was detected by a fluorescence spectrophotometer (Hitachi F2000, Japan) with a thermostatted cell holder. Non-enzymatic oxidation of Protogen, measured with a heat-denatured and sonicated protein, was subtracted from the observed enzymatic activity.
The Protox inhibition was estimated 5 min after the addition of various amounts of test compound formulated using DMSO to the assay mixture mentioned above. The molar I5o (Protox) value was calculated by the Probit method. 7) The log value of 1/150 was used as the potency index.
Measurements of Growth Inhibition, Chlorophyll Decrease and Ethane Formation of Scenedesmus acutus
The phytotoxicity assays using autotrophic Scenedesmus were carried out according to Watanabe et al. 3) Growth inhibition was estimated from the packed cell volume (pcv) in a graduated microcentrifuge tube 20 hr after incubation with the test compounds. The chlorophyll content of the extraction mixture (methanol: tetrahydrofuran: 5 mM aq. trifluoroacetic acid, 30: 16: 5, v/v/v) was measured spectroscopically. Indices of the growth inhibition and chlorophyll decrease were presented as molar pI50, the I50-values being calculated by the Probit method. The volume of ethane was measured using a gas chromatograph equipped with a flame ionization detector. 5) The I50 (Ethane), defined as being the molar concentration of the compound tested giving half the maximum of light-induced ethane formation produced by Scenedesmus during a 20 hr incubation period, was estimated through the use of a double reciprocal plot.
Inhibition of Carotenoid Biosynthesis in Scenedesmus
acutus Cells Autotrophic Scenedesmus cells were grown for 48 hr after the addition of various amounts of test compounds. The extraction of carotenoids was carried out under a dim light to avoid photo-degradation.
The algal suspension (10 ml) was centrifuged for 10 min at 10, 000 X g. After decantation, the pellet was resuspended in methanol (20 ml), and 2 ml of 10 N KOH was added. Carotenoids were allowed to flow out of the algal cells at 65C in darkness for 20 min. The mixture was shaken with 25 ml of petroleum ether-diethyl ether (90: 10
To whom correspondence should be addressed. E-mail: kwaka (a) agr. tamagawa. ac. jp v/v) and a saturated sodium chloride solution (10 ml). The UV spectrum of the organic layer was recorded in a range of 250-520 nm and the absorbance at 445 nm was used to evaluate the molar 150 (Carotenoid) concentration of the total colored carotenoids. 6) The pI50 (Carotenoid) was calculated by the probit method.
RESULTS AND DISCUSSION
The phytotoxic indices of N-benzyl-4-chloro-N-isobutyl-2pentenamides (1-4) and control compounds, in terms of pI50 values for Protox inhibition, ethane formation, chlorophyll decrease, carotenoid decrease and growth inhibition as well as the grades for the accumulation of phytoene and c-carotene, are shown in Table 1 . All the pentenamides tested (1-4) exhibited the characteristics of peroxidizing herbicides, although the pI50 values were about 1/10-1/100 those of the control peroxidizing herbicides, oxyfluorfen and chlorphthalim. In general, the immediate physiological response of plants to peroxidizing herbicides is to halt chlorophyll biosynthesis in chloroplasts by the specific inhibition of Protox. This inhibition is accompanied by an abnormal accumulation of Proto-IX, which acts as a photosensitizer in the light and induces the formation of ethane with the subse-quent destruction of cellular constituents. 8) Among the four pentenamides, 1 and 2 can be regarded as being moderately active peroxidizers, but 3 and 4 are not active. The order of activity corresponds well to that of the herbicidal activity indicated by the ED90 value. )
The phytotoxic activity of the peroxidizing herbicides is due to their interference with chlorophyll biosynthesis as a primary mechanism of action, which in turn inhibits carotenoid formation. Thus, the p150-values for chlorophyll and carotenoid formation are similar for the typical peroxidizers, oxyfluorfen and chlorphthalim, as shown in Table 1 . The 50% inhibition of 1-4 for carotenoid synthesis is two to four times stronger than those for chlorophyll (compare the p150-values of 1-4). The effect of these compounds on the biosynthesis was examined by determining levels of the precursors phytoene and c-carotene in Scenedesmus cells. As shown in Table 1 and Fig. 2 , neither phytoene nor c-carotene accumulates in the cells cultured with 1-4 or with oxyfluorfen and chlorphthalim.
On the other hand, norflurazon and methoxyphenone, known inhibitors of carotenoid biosynthesis, caused phytoene and c-carotene, respectively, to accumulate at a concentration of 10-6 M. The UV spectra of the total carotenoid extract are shown in Fig. 2 . The spectra of extracts from cells cultured in the presence or absence of compound 1 showed a similar pattern, but their intensity differed. These findings suggest that, most likely, the decrease in carotenoid is not due to the inhibition of carotenoid biosynthesis but a post-biosynthetic degradation. This degradation may be caused by the peroxidation of N-benzyl-4-chloro-N-isobutyl-2-pentenamides.
A deficiency of carotenoids may cause the degradation of chlorophyll. 9) The formation of neither phytoene nor )carotene was inhibited by the pentenamides tested in this study, although the total amount of carotenoid decreased without any remarkable accumulation of phytoene. The bleaching herbicide inhibiting 4-hydroxyphenylpyruvate dioxygenase (HPPD), e. g. isoxaflutole or sulcotrione, is coupled with an accumulation of phytoene but does not inhibit phytoene desaturase activity directly. 10) Therefore, the mechanism behind the overall decrease in carotenoids caused by the pentenamides is different from that for known inhibitors of carotenoid synthesis and may be due to the degradation of carotenoids. We have suggested previously2) that the phytotoxicity of the pentenamides is due not only to Protox inhibition but also to other mechanism(s) related to the regulation of chlorophyll levels. The present results seem to support this hypothesis.
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